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ABSTRACT
The leaching kinetics o f platinum and palladium from spent 
automobile cata lyst pe lle ts  were investigated. An Unsteady State 
Reaction Model was used to simulate the experimental data with the 
experimental rate expression sa t is fac tor ily .
I t  was also found that the extent of reaction of Pt and Pd 
depends on the leaching solution concentration ra tio , the Pt and Pd 
in i t ia l  concentration, the bed expansion, the pressure drop, the 
voidage of cata lyst pe lle ts  in the flu idized bed reactor, the minimum 
flu id iza t ion  ve loc ity  of particles and the maximum terminal flu id  
ve lo c ity .
The f in a l extent of reaction was found to be around 86% platinum 
and 74% palladium respectively. The spherical catalyst pe lle ts  used 
contained 253 ppm platinum and 95 ppm palladium. The d if feren t 
part ic le  s ize  diameters used in this work were 3.35mm, 2.26mm and
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Most automobiles manufactured since 1975 are equipped with 
ca ta ly t ic  converters designed to oxidize hydrocarbons and carbon 
monoxide present in the engine exhaust gases. The active materials in 
the ca ta lys ts  are platinum and palladium which are deposited on an 
alumina substrate. The automotive industry represents arnroxirnately 
40-45 percent o f  the tota l U.S. consumption o f platinum and pal­
ladium [1 ],
The automotive catalyst used in the automotive cata ly t ic  converter 
contains platinum and palladium in the ppm range. This small amount of 
precious metal was in i t i a l l y  considered to contain too l i t t l e  metal the 
platinum group metals refin ing industry to warrant recovery. I f  10; '.000 
pounds o f automotive ca ta ly t ic  scrap is processed, the total weight of 
the platinjnx and palladium that can be recovered is approximately 60 
pounds. At present there are about f iv e  companies involved in the 
recyling o f precious metals including PGM [1 ].  The 1982 s ta t is t ics  
estimated that approximately 2,000,000 troy ounces o f platinum and 
1,000,000 troy  ounces o f palladium w i l l  be available from scrapped 
automobile c a ta ly t ic  converters every year for the next 10 to 15 years 
[2 ], These spent automobile catalysts are the main secondary sources 
o f the platinum group metals. The recovery and recycling researcn 
being carried out by many Investigators w i l l  play an important part in 
the future a v a i la b i l i t y  and prices o f these platinum group metals.
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The usual automobile cata lytic  converters are either in the form 
o f pe lle ts  with the catalyst supported by an alumina carrier or in 
homeycomb form with the catalyst support made of corderite magnesium- 
alumina s i l i c a t e .  The p e l le t  structure generally contains between 500 
to 1200 ppm platinum and between 0 to 300 ppm palladium. In this 
research, only the p e l le t  type catalyst spheres of gamma-alumina 
(A1203> with thin film  active sites o f Pt, Pd and Rh were used.
The separation o f the platinum group metals from spent catalysts 
can be c la ss i f ied  into three d istinct methods [3 ]. These are the gas 
phase transport, support dissolution and the solution extraction 
methods. In this work only the solution extraction or leaching method 
is considered. The principal reaction involved during leaching of the 
cata lyst p e lle ts  with aqua regia can be expressed as;
Pd + 4C1~ + NO “  + 3H+ = PdCl.2- + HNO. + Ho0 E° = 0.32 V (1)3 4 2 2
Pt + 4C1~ + N03"  + 3H+ = PtCl42"  + HN02 + H20 E° = 0.23 V (2)
PtCl^2' + 2C1~ + N03“ + 3H+ = PtClg2- + HN02 + H20 E° = 0.07 V (3)
The f i r s t  two oxidation reactions are dissolution reactions, while the 
la s t  one is a solution reaction.
This leaching process for  Pt and Pd was carried out in a liquid 
flu id ized  bed reactor. The advantages of a flu idized bed operation
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include the a v a i la b i l i t y  of re la t ive ly  small pellets which do not 
require further grinding, a more uniform operating temperature and a 
lower column pressure drop. This type of operation is advantageous for 
the dissolution process since i t  allows for improved mass transfer, 
shorter residence times and better extents of reaction [4-6].
Fluidized bed systems have the potential of making a leaching 
operation e ither a semi—continuous or continuous process. Many reviews 
have been written on the f lu id iza tion  of solid particles with a gas 
stream [7-10]. However l i t t l e  information is available on liquid 
f lu id ized  beds [11-12]. Liquid flu id ized beds are becoming more 
important in non-catalytic reaction processes. The chemical reaction 
rates and hence conversions in such systems are usually better than 
those which occur in a packed bed reactor. Some characteristics of a 
l iqu id  flu id ized  bed, such as s ta t is t ica l  analysis of mass transfer, 
v e lo c it ie s  of entrainment, axial dispersion, determination of minimum 
and maximum v e lo c i t ie s  and hydrodynamics have been reported in the 
l ite ra tu re  [13-16].
This thesis reports on the results of experimental work on the 
leaching of platinum and palladium with aqua regia in a flu id ized bed.
A mathematical model of the leaching process as i t  occurs in the 
flu id ized  bed of a porous so lid -liqu id  system is developed based on the 
experimental resu lts . The physical and chemical properties of the
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porous solid  material studied change during the reaction processes.
The major goal o f the modeling part of this study is to explain 
and predict the conversion- time data of the given reactions as well as 
to provide re l iab le  macrokinetic data for the design of the reactor, to 
determine the optimum operating conditions, to provide scale up 
parameters and to develop process control strategies. Since the 1970s' 
studies on the modeling of fluid-porous solid reactions have increased 
due to the rapid developments of new processes such as gasification  of 
coal, liquefaction  of coal, e tc ..  Evans [17], Ramachadran [18],
Szekely [19], Sohn[20] and Wen[21], et. a l. [22] have published 
reviewsbooks, and monographs on these topics.
However, many more papers have been published on the f lu id iza tion  
of so lid  partic les  with a gas stream than those written on the 
f lu id iza t ion  process with a liquid stream [14, 18, 21, 32], In spite 
o f the industrial importance of l iqu id-so lid  reactions, there have been 
r e la t iv e ly  few studies reported on modeling heterogeneous noncatalytic 
l iqu id -so l id  systems. This is in part due to the complex relationships 
among the rates o f chemical reactions and the rates of mass transfer. 
For the l iqu id -so lid  reaction system, the over-a ll reaction rate is 
influenced by the rate of chemical reaction occurring in or a t  the 
surface of the so lid . The reaction rate is also affected by the mass 
transfer rates o f liqu id through the solid as well as across the 
l iqu id—film  surrounding the solid. Factors such as the liquid s
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v iscos ity  and thermodynamic properties, impurities in the solution and 
the s o l id 's  r e a c t iv i ty ,  s ize , surface condition, e tc . ,  also influence 
the rate o f the chemical reaction.
The models developed for gas-solid reactions were usually used for 
the l iqu id -so lid  reactions without consideration of the differences 
between these two kinds of reactions [23-26]. The presence of liquid 
in the pores of the solid  particles and the lack of countercurrent flow 
in the pores necessitate the use of a d if feren t model for liqu id-solid  
reactions than for  gas-solid reactions. In this work two important 
d istinctions are made. F irst a pseudo-steady-state assumption is not 
employed [27 ]. Although this is in general a good assumption for 
gas-solid reactions, the accumulation o f material may be sign ificant in 
l iqu id -so lid  reactions. Secondly, the intrinsic reaction rate 
expression is used in the form of a lo g is t ic  equation [28] where the 
accumulation and k inetic  terms are combined. In this form, the model 
equation can be treated as a homogeneous linear equation.
Experimental results reported in this work also include other 
parameters o f a flu id ized  bed reactor such as the bed expansion, the 
pressure drop, the voidage of the catalyst pe lle ts , the minimum and 
the maximum flu id  ve lo c ity .  The e f fe c t  of these parameters on the 
conversion-time relationships are considered. Based on the results of 
in tr ins ic  k inetics , a stoichastic process was used to describe the 
change o f solid  concentration within the porous partic les. An unsteady 
state d iffusion  mass balance equation was written and solved for the
leaching o f platinum group metals with aqua regia. The analytical 
solution obtained from the above mass balance equation was used to f i t  
the experimental data obtained in this study. I t  is anticipated that 
the analytica l solution obtained can also be used to estimate or 
predict within certain lim its the e f fe c t iv e  diffusion coeffic ients of 
solute through the porous media.
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EXPERIMENTAL
A. Fluidized Bed Reactor System
The flu id ized  bed reactor used In this investigation is shown in 
Fig. 1. The experimental apparatus consisted of a fluidized bed 
reactor, a constant stirred  tank reactor (CSTR), a temperature control 
system, a model NO. LG 302 tube pump made by L i t t le  Giant Pump Company, 
and a well type manometer.
The flu id ized  bed reactor was a vert ica l clear Pyrex cylinder 2.5 
inches in inside diameter and 12 inches in height. This height 
included the test section and a conical calming section 2.5 inches long 
f i l l e d  with glass beads which was used to distribute the flu id . A 
d istributor p late was positioned d irectly  between the calming and test 
sections to establish an even distribution of the upward flu id flow.
The d istr ibutor plate contained 620 holes with each hole having a 
diameter o f  2 mm. The diameter of the distributor plate was equal to 
the internal diameter of the fludized bed. The leaching solution was 
pumped from the CSTR to the flu id ized bed reactor through the d is t r i ­
butor plate to ensure uniform solution flow across the spent catalyst 
bed. This is shown in Fig. 2. An adjustable speed drive with 
maximum ratings o f 3.14 HP and 115 vo lts  was used to control and 
measure the rates of flow of water through the column. A ll of the 
partic les were l i f t e d  from the bottom of the distributor plate by the
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FIGURE 2. CROSS-SECTION VIEW OF THE FLUIDIZED BED
The CSTR was a Teflon cylinder with a screw-on l id .  There were 
holes in the l id  which permitted the insertion of a thermometer and a 
sampling port. The CSTR was 7 inches in height and had an inside 
diameter o f 3.5 inches. The temperature of the water bath was con­
tro lled  by regulating the flow of cold water through the bath. The 
flow of the leaching solution through the whole system was controlled 
by the pump. A two-way stopcock was connected to the low-pressure side 
o f the manometers so that both the pressure drop across the fluidized 
bed and the pressure at the bottom of the bed could be measured.
B. Procedure
A weighed quantity o f solid particles was charged into the reactor
column. The CSTR was then f i l l e d  with d is t i l le d  water. Prior to each
run the water was pumped through the system until the bed was 
f lu id ized . Next, the bed was allowed to se tt le  by slowly reducing the
water flow rate to zero. In this way the in i t ia l  s ta tic  bed height was
obtained a t the same time that the catalysts were washed.
P r io r  to each start-up, the pressure a t the bottom of the bed was 
recorded. The CSTR was f i l l e d  with 800 ml of leaching solution and 
the pump was then turned on. Another 1100 ml of leaching solution was 
then added to f i l l  the flu id ized  bed reactor system and the Tygon 
tubings. The solution passed through the constant temperature bath 
maintained at 30°C, next passed through the flu id ized bed, and then 
completed the loop back to the CSTR. The solution was in i t ia l l y  
directed through the globe valve and an adjustable speed drive as a
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means o f con tro lling  and measuring the rate of flow. The flow rate 
necessary to both suspend the particles and enhance the bed turbulence 
was determined. A fter determining the flow rate, the two-way stopcock 
was closed.
Upon reaching the steady state operation, the in le t  and outlet 
leaching solution concentrations and a l l  the other operating conditions 
were recorded. At various times, 5 ml samples were removed. The time 
intervals varied from about two to twenty minutes. At the beginning of 
the experiment the sampling interval was shorter. Gradually i t  became 
longer as the reaction neared completion.
A fter  the runs were completed, 20 ml of HC1 was added to each 5 ml 
sample. Next, the tota l volume was reduced to approximately 10 ml 
through heating. In order to precip itate the platinum and palladium,
10 ml of 250 g/1 tellurium chloride (TeCl^ in 50% HC1) solution was 
added to the 10 ml volume, followed by the addition of 40 ml of 250 g/1 
stannous chloride (SnC^ in 50% HC1) solution. The precipitate 
containing the platinum and palladium was f i l t e r ed  through a membrane 
f i l t e r .  The f i l t e r  and precip itate were then washed with 10 to 30 ml 
o f 5% by volume HC1. The sample solution was next transferred to an 
appropriate volumetric flask prior to dilution such that the f ina l 
concentrations of platinum and palladium would f a l l  in the ranges of 
the ca lib ration  curves. Su ffic ien t HC10̂  was added to the solution to 
destroy the organic matter and some insoluble chloro or hydroxo 
complexes and to provide a HC10̂  concentration of 10% by volume in the 
f in a l  solution. Then 3 to 30 ml of a 250 g/1 lanthanum solution was
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added for  each 30 to 100 ml of the f ina l sample solution. The platinum 
and palladium analyses carried out using a Perkin-Elmer Atomic 
Absorption spectrophotometer. Platinum and palladium standards at near 
extreme concentrations were used for the linear working range. Each 
calibration  solution was measured three times and each sample solution 
two times, a lternating with water before each measurement.
C. Range o f the Experimental Variables
The fo llow ing variables were measured: solution temperature, 
solution flow rate , bed depth, bed expansion, size of pe lle ts , ex it  
concentrations and pressure drop across the flu id iz ing  column.
Computed variables derived from these measurements included the mass 
transfer c o e f f ic ie n t ,  K, the Reynolds number, NRe, the Sherwood number, 
NSh, the Schmidt number, NSc, the bed voidage, flu id  ve loc it ies  and a 
mass transfer corre lation , Jd. The ranges of major variables are 
presented in Table 1. The data and calculated results of some 
representative runs are given in Table 2.
D. Material
The spent spherical cata lyst pe lle ts  used in the experiments were 
removed from a 1975 Chevy Camaro that had traveled approximately 90,000 
miles. The p e l le ts  were screened prior to leaching. The pe lle ts  sizes 
ranged from 1.5 to 3.35 mm.
The 2.0 to 2.26 mm diameter pe lle ts  had a spec if ic  surface area
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Table 1. Ranges of Major Variables
p a r t ic le  diameter 1.5 to 1.8 mm, 2.0 to 2.26 mm,
2.35 to 3.35 mm
bed depth 2.0 to 4.0 Inches
cata lyst samples 0.1 to 0.3 Kg
bed expansion (%) 0 to 60
voidage 0.4 to 0.9
flow rate 0.02 to 7.6 (1/min.)
v e lo c i ty  o f partic les Up = o . l8  x voidage
0.076 to 0.16 (cm/min)
v e lo c i ty  o f leaching solution Ut = 0.22 x flow rate
0.044 to 1.672 (1/min.)
pressure drop 0 to 33.63 mm DBT
Reynolds number o f  partic les  N 5 to 150re
Sherwood number N , 20 to 100sh
scSchmidt number N 530 to 800
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Table 2. Experimental Data on the Leaching of Spent Automobile





















1 4.8 100 2 20% +2.0-2.26 12 M HQ Pt 78%
16 M HN03 Pd 72%
2 4.8 150 2.5 20% +2.0-2.26 12 M HQ Pt 80%
16 M HND3 Pd 70%
3 4.8 200 3.0 20% +2.0-2.26 12 M HQ Pt 85%
16 M HN03 Pd 76%
4 2.8 200 3.0 10% +2.0-2.26 12 M HQ Pt 84%
16 M HN03
5 7.6 200 3.0 30% +2.0-2.26 12 M HQ Pt 84%
16 M HN03
6 0.02 200 3.0 0 +2.0-2.26 12 M HQ Pt 26%
16 M HND3
7 4.8 200 3.0 20% +2.0-2.26 3 M HQ0, Pt 93%
1 M HN03 pa 78%
8 4.8 200 3.0 20% +2.0-2.26 1 M HQ0, Pt 90%
1 M HN03 Pd 78%
9 4.8 300 4.0 2CK +2.0-2.26 1 M HQ0, Pt 90%
1 M HN03 Pd 74%
10 7.2 200 3.0 40% +2.0-2.26 12 M HQ Pt 72%
16 M HND3 M 58%
11 9.6 200 3.0 60% +2.0-2.26 12 M HQ Pt 43%
16 M HN03 Pd 35%
12 4.8 200 3.0 20% +2.35-3.35 3 M HQ Pt 85%
1 M HN03 M 70%
13 4.8 200 3.0 20% +2.0-2.26 3 M HQ Pt 84%
1 M HN03 Pd 72%
14 4.8 200 3.0 20% +2.0-2.26 6 M HQ Pt 80%
3 M HN03 Pd 73%
of 21.37 m /kg as determined by the BET method. Micrographs obtained 
from Scanning Electron Microscopy studies indicate that the pellets 
were composed of grains of about 5 to 10 urn in size. A boundary layer 
of PbO was observed to be erabeded in the particles. This boundary 
layer is shown in Fig. 3. The layer of PbO reduces the amount of mass 
transfer between the chloride anion and the platinum and the palladium 
in the cata lyst p e l le ts .  I t  was also observed that the pores of the 
pe lle ts  a f t e r  leaching were quite d i f fe ren t  from those of the unleached 
sample. A large amount of white so lid  lead complex compound was formed 
in the sample pores a f te r  leaching. These pores were partia lly  or 
to ta l ly  blocked by the deposited compound. However the particle 
maintained i t s  o r ig in a l s ize  and shape. I t  was also observed that 
a f te r  leaching, no d e f in ite  sharp interface of platinum and palladium 
complex compounds existed.
The analysis o f a ca ta lyst in the form of a honeycomb and in the 
form o f pe lle ts  showed that the ceramic, gamma alumina (Al^O^), is p- 
redominant with platinum and palladium constituting 2.6 -  4.4% of the 
pe lle ts  by weight and 0.52 -  1.2% o f the honeycomb by weight 
respective ly . Trace quantities o f Mn, Fe, Pb and Sn were detected.
The principal chemical composition of the sample is given in Table 3.
I n i t i a l l y  the spent cata lyst pe lle ts  contained an average 
concentration of 235 ppm platinum and 95 ppm palladium. The analytical 
method used for  the determination of Pt and Pd was developed by Potter
2
and H i l l  [5 ] .
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F ig u re  3. Scanning E le c t r o n  M icrosope M icrograph :
D = 2.26 mm, Leach ing time, 3 h r s . , R = 0 .8 7 .  
P
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— — —   Composition Range and Typical Analysis of Scrapped ACCs [ 2 ]
Monolithic P e l le t
Ma ta r ia l Range. Typical Range Typical
Pt cone, ppm 500 -  1200 800 270 - 330 330
Pd cone, ppm 0 -  700 300 80 -  150 110
Ceramic wt/kg 0.52 -  1.2 1.0 2.6 - 4.4 2.7
Total Pt gni 0.266-1.44 0.8 0.702-1.54 0.893
Total Pd gra 0.00- 0.84 0.3 0.021-0.66 0.297
Mn wt % C.17-C.32 0.27 0.01 -  0.6 0.47
Fe wt % 0.40-0.60 0.52 0.10 -  0.6 0.49
Pb wt X 0.10-4.50 3.52 0.10 -  4.5 4.10
Sn wt % 0.05-0.13 0.09 0.02 -  0.06 0.04
MODEL DEVELOPMENT
A. The Rate Equation
The reactions o f platinum and palladium with HC1 and HN03 in a
packed bed have been represented by Tyson and Bautista [29] using an 
empirical relationship between concentration and time given by the 
equation:
where is the platinum or palladium concentration in the in le t
stream and the packed bed reactor, CAq is the platinum or palladium
concentration in the outlet stream, V is the volumetric flowrate, W iso
the weight o f the catalyst material and r is the rate of platinum orA
palladium reacting. There are two mass balance equations that can be 
used to describe a batch recirculating packed bed reactor system. The 




where V is the accumulation in the CSTR. The second mass balance 
represents what is going on in the packed bed reactor and is given by:
The rate of reaction is generally expressed on an intensive basis (in  
this case reaction volume), so that when V represents the volume 




Since a , the stoichiometic coe ff ic ien t o f this equation is  equal to -1, 
the rate o f reaction w i l l  be in the form:
When the density remains constant, that is, when the reaction volume 
does not vary, Eq. (8) reduces to:
In this case, i t  suffices to measure the change in concentration to 
obtain the rate o f reaction. The extent of reaction or fraction 
conversion is often used in rate expressions rather than 
concentrations. For constant density, i t  follows that
dNA d(CAv> (8)rA Vdt Vdt
3
where CA represents the molar concentration of Pt or Pd (kmol/m ).
(10)
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where R 'A is the d ifference between the in i t ia l  and fina l concentration 
of platinum or palladium in the solid catalyst pellets . The fractional
conversion is also used where R is given by:
which indicates how far the reaction has progressed. The overa ll rate 
expression can be defined as:
The reaction rate of Pt or Pd within the porous particles can be 
assumed to be proportional to the leached concentration of Pt or Pd in 
the leaching solution as well as to the unreacted (or unleached) Pt or 
Pd in the so lid  partic les . The total concentration of Pd or Pt is 
given by the in i t i a l  concentration and the Pt or Pd concentration 
reacting in the solid  is given by C ^ . The total Pt or Pd reacted can 
be followed by combining Eq. (9) and Eq. (12):
(12)
where rA rate of reaction (kraoles/volume-time)
K1 rate c o e f f ic ien t  for the reaction (1/time)
CAi concentration of Pd or Pt in the solid surface
( kmoles/volume)
CAo in i t i a l  concentration of Pd or Pt in the liqu id phase
(kmoles/volume).
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dcA1/dt - Kl[cAo-cA1] (13)
Then, Eq. (13) can be rewritten in the form of fractional conversions:
dR/dt = K ^ d - R )  ( 14)
a t t  = 0 ,  R = R o
where Rq is the in i t i a l  fraction conversion of Pt or Pd a t time equal 
to zero. The concentration of the leaching solution HC1/HN03 inside the 
pores o f the so lid  partic le  a t time zero is assumed to approach zero. 
Integration o f Eq. (14) gives the expression:
R =
Ro
R + (1-R )e~Klt o o
(15)
The unreacted fraction  ratio  of Pt or Pd is then defined as:
(1-Rq ) i V
R + (1-R J e ^ l*  o o
(16)
Combination o f Eq. (16) with the rate expression given by Eq. (12) 
results in:
rA K,C (1-R)1 A
(1-Rq) i V
1 A R + (1-R )e  Kl t o o
(17 )
This form o f the rate expression defines the rate of reaction as a 
function o f the leaching solution concentration, the in i t ia l  
concentration of Pd or Pt in the liquid and time. Letting:
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0 =  (1 -R )
(1 -R  ) e " ^
0 = _______2_______ _____
R + (1-R )e_Kl t o o
(18)
Since the rate of reaction is  only dependent on the concentration and 
reaction time, Eq. (18) is d ifferentiab le  with respect to time, t, and 
i f  d i f fe ren t ia ted  gives:
d 0
dt
-K. (1-R )R e Kl t 1. o o_________
[ ( R + ( 1-R )e “ Kl t ]R o o
lim ^ lim 
t—>o
(1-R ) .“V_ o______________




Eq. (19) and Eq. (20) indicate that the solid concentration of Pt or Pd 
decreased with the reaction time. At time approaching in f in ity ,  the 
unreacted fraction  conversion is equal to zero.
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B. The Unsteady State Mass Balance Equation
The liqu id  -  solid reaction system in this work consisted of 
porous so lid  pe lle ts  with a large pore volume. The solid to be leached 
consisted o f Pt or Pd uniformly dispersed inside the pores of a A l ^  
matrix. The liquid phase was a solution of aqua regia. The boundary 
layer between the liquid and solid phase was under constant flux during 
the reaction. The concentrations of Pt and Pd in the spent automotive 
catalyst is in the hundred ppm range. With the above considerations 
and the fac t  that a batch recirculating fluidized bed reactor system 
was used in this work, the pseudo-steady-state model [27] may not be 
va lid .  Instead, the Unsteady State Diffusion-Reaction Model [30] is 
applied to simulate the experimental data. King et al [31] pointed out 
that fo r  l iqu id -so lid  reactions, an unsteady state diffusion term 
should be applied in the material balance equation instead of the 
pseudo-steady state assumption.
In order to use the equation (17) for the mass transfer between 
the so lid  partic les  and flu id  in the flu idized bed and to model the Pt 
and Pd concentration-time relationship during the leaching process, the 
following assumptions were made:
1. The v e lo c ity  distribution and concentration of flu id are uniform
at any cross section of the flu idized column. Consequently, flu id 
flow and pertubations resulting from ris ing gas bubbles were 
n eg l ig ib le .  The resistance to mass transfer resulting from the 
transfer of chloride ions to the catalyst system is much smaller
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than the resistance resulting from the mass transfer of platinum 
chloride complex ions from the solid back into solution.
Therefore only the resistance to mass transfer from the solid to 
the solution is considered.
2. The axia l turbulent diffusion coe ff ic ien t in the bed remains 
constant under well defined flow conditions.
3. Because of the f i r s t  assumption, the concentration of the flu id  in 
contact with the partic le  surface is equal to bulk flu id
concentration.
4. The process is isothermal.
On the basis of the above assumptions, an isothermal noncatalytic 
l iqu id -so lid  reaction can be described by the following general 
stoichiometric expression:
The p e l le t  diameter and the e f fe c t iv e  d i f fu s iv ity  of the liquid phase 
reactant are assumed to be constant. A dimensionless equation based on 
the material balance between liquid and porous spherical solid particle 
reaction has been derived by King,et al [31]:
aA (liqu id ) + bB(solid) = rR(liquid) + sS (solid ) (21)
(22)
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where$ ts the Thiele modulus, I  is a parameter which indicates
the re la t iv e  importance of the accumulation term defined as
ip = C bC^Q/aC^, R is the general dimensionless rate equation
expression, V  is  partic le  shape factor which for a plane is equal to 0,
for a cylinder is equal to 1 and for a sphere is equal to 2. 0 is the
dimensionless time defined by the expression 0=  bf(C ) /aC . Since Y
is defined as CAj/CAq which is the dimensionless concentration of Pt or
Pd in the liqu id  phase and K is defined as r/r which is the
o
dimensionless solid  partic le  radius. Y and £ were related to the 
concentration o f  Pt or Pd and partic le  radius.
Thus, for spherical particles where V' =2, expanding eq. (22) and 
transforming into spherical coordinates with the above assumptions 
y ie ld s :
3 CA( r , t )
T “ t------- = De f f .
a CA( r , t )  
3 r 2
+
2 3 CA ( r , t) 
r <Tr (23)
where CA = CA( r , t )  is the leached concentration of Pt or Pd (A = Pt,
Pd) in the leaching solution (Kmoles/cm ) which is a function of
reaction time ( t) and partic le  distance ( r ) ,  t is the reaction time
(m in.). D is the e f fe c t iv e  diffusion coe ff ic ien t and R is the rate 
’ e
equation. The above mass balance equation contains an accumulation
term, 3CA/3t accounting for the transient nature of the process, a term
2 2aris ing from the transport by e f fe c t iv e  diffusion, Deg CA/gr and a 
chemical reaction term represented by R.
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C. Method o f  Solution o f the Mass Balance Equation
The above equation is a linear^ non-homogeneous partia l d i f f e r ­
entia l equation. In some cases, these types of equations are not 
amenable to a complete analytical solution. However, Sohn [20] and 
Szekely [19] developed a very useful approximate solution that is often 
va lid . Eq. (23) may often be simplified by neglecting the transient 
term [30, 32, 33]. The approximate solution is generally satisfactory 
for gas-solid  reactions, but i t  is „ not necessarily true for 
l iqu id -so lid  reactions. In fact, mass transport in a porous solid is 
often complex. Several mechanisms of mass transport, including 
molecular d iffus ion , Knudsen diffusion, viscous and s lip  flow, as well 
as surface migration, may contribute to the flux o f liquid reactant 
through the pores of the solid . In addition, the structure of 
catalysts which are solid pellets is not well understood.
Consequently, the relationship between solid structure and liquid 
fluxes is  not eas ily  characterized.
In order to establish the unsteady state mass balance equation and
use the boundary condition, consider the case shown in Fig. 4, in which
the liquid reactant, Cl , diffuses in the direction of the arrow shown
2—  2—in Fig. 4 while the liquid products PtClg or PdCl4 move in the 
opposite d irection  and f in a l ly  enter the bulk solution. We assumed 
that the concentration o f Pt or Pd in the In i t ia l  leaching solution is 
zero and that the d iffusion coe ff ic ien t through the solid is constant. 
Neglecting the convective term, the unsteady-state process is described 
by equation (24)
FIGURE 4. THE SKETCH OF LEACHING 
SOLUTION DIFFUSING IN THE X DIRECTION TO 
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(26)
The new boundary conditions are:
BC1 * 9 Ma£ r = 0 at r = ro
BC2 ; M. = 0 A at r = 0
BC3 ;
" a -  ca ( 1- l > at t = 0
To solve the equation must be separated into two new functions. 
Setting = WA + VA where WA is s t i l l  a function of the time and 
distance, WA = WA( r , t ) ,  and is only a function of the time, VA = 
VA( t ) , Eq. (26) can be rewritten:
3 2W ( 1-R )eKl t
D ---- * _ o
e _ 2 o A
3 WA
9 r R + (1-R )ekl t 3 t o o
dV (1-R )eKl t (1-R )eKl t
I t -  -  V a -------------K0CA0 , ............. -k'.~tR+d-R^e R + (1-R )e 1 .o o
= 0 (27)
I f  a l l  of the terms in the f i r s t  set of brackets and a l l  of the terms 
in the second set o f brackets are equal to zero, then the following
equations result:
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32 «  (1-Rn) i Kl t
D -----=£- K W. ------°---------e ~ 2 o A , -k f
3 r  R +(1—R ) eKl t
with boundary conditions
(28)
BC1; 8 r = 0 at r = rQ
BCj? WA = 0 at r = 0
BC3’ “ a '  CAo O ' 1) «  t -  0
K V, o A
(1-R )e Kl t (1-R) i V
____________  + K C a___________
R +( 1 -R )e  1 ° A R + (1-R ) e Vo o o o
= 0 (29)
with boundary conditions
BC1; VA = 0 at t = 0 
BC2; dVA/dt = 0  at r = rQ
Thus, the assumed function = WA + ^A s^ou-*-̂  be the solution to
Eq. (26).
Using the separation-of -variables method, the product solution 
can be introduced. Since the concentration, WA( r , t ) ,  is s t i l l  a 
function o f time and distance, a product solution w i l l  be assumed in 
which one function depends only on distance and the other function
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depends on time. The product solution Is therefore assumed to take the 
form:
WA( r , t )  = R (r )T (t ) (30)
Substition o f Eq. (30) into Eq. (28) gives:
De T-K RT o





De R " (r )T (  t) -K R (r )T ( t )  -------- ------— — - R (r )T (t )  = 0 (32)
0 R + (l-R  )e  l fco o
or:
De M f t  "  K0
(1-R ) i Kl t o
R + (1-R ) i Kl fc o o
T ' ( t )
“ tTET = 0 (33)
or:
De R "(r )
“ RTFT
T ' ( t)
“ tTET
+ Ko
, v -K. t(1-R )e 1 ______o________
R +(1-R )eKl t o o
(33a)
The l e f t  side o f the Eq. (33a) depends on distance, R (r) and the right 
side is  a function of time ( t ) . Because neither side of the equation 
can change as r and t vary independently, both sides of this equation 
must be equal to some constant A. Therefore taking the derivatives of
the Eq. (33a) results in:
o





A is re ferred to as the separation constant. The sign of the 
separation constant must be consistent with the physical conditions of 
the leaching problem. There are three possible cases for A: A>0, A=0 
and A<0.
F irs t  case, where A>0.
2
Considering some positive value of A, A = X. Substitution into 




Equations (36) and (37) are both ordinary linear d if fe ren t ia l 
equations. Their respective general solutions are:
R (r) = Cie
X1/De X1/De+ C2e (38)
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T(t> -  C3[Ro+ 1-Ro )
(39)
After substituting the above solutions into the original product 
solution o f Eq. (30), the concentration of Pt and Pd in the leaching 
solutionis given by:
W (r ,t )  = R (r )T ( t )  2
= CgtCj e/De+ c2 e/De ][R Q + ( l-RQ)eKl fc] Ko/Kl e ^  (40)
From this solution, the time(t) and the concentration of Pt or Pd 
inside the spherical partic le  w i l l  become in f in ite ly  large a fte r  a very 
long period of time. Thus W (r,t) w i l l  increase in f in ite ly  with time. 
Since this is not physicaly possible and is also not in agreement with 
the experimental results o f this work, this case is not applicable.
Second case, A = 0.
Consider A = A = zero. Equations (34) and (35) become:
(41)
(1-R )eKl t o = 0 (42 )
R + (1-R )eKl t o o
The respective solutions to Eqs. (41) and (42) are:
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R (r ) = C^r + C2 (43)
T ( t )  = C3[Rq + ( l -R Q) i K t ] V * ! 6 (44)
The gneral solution is :
W (r , t )  = C3 (Ci r  +  C2 ) (Rq +  ( l-Ro )eKl t ) Ko/Kl  (45)
The solute concentrations of Pt or Pd inside the catalyst partic le  pore 
do not change with time according to the general solution. This means 
that no concentration gradient exists in the pores. This result is not 
consistent with the physical description of the experiment and there­
fore this case is also not applicable.
Third case, A<0.
2
Consider a negative value for A, A = X. Substitution into Eqs. 
(34) and (35) give:
De R "(r )
R (r )
T ' ( t )
T ( t ) + Ko
(1—R )eKl t ____ o_________
R + (1-R J e V  o o
2
1
The respective solutions for these two equations are:
X i  X j
R(r) = CjCos - —  r + C2Sin - —  r






The resulting solution of Eq. (30) is :
 ̂ 2
W (r,t ) = CgtCjCos -  r + C2 Sin—  r ]e  1 . [R+(l-R )eKl t ]K0^Kl (50)
Applying the f i r s t  boundary condition given in Eq. (28) where
W(0,t) = 0,
Cj = 0.
permits Eq. (50) to be rewritten:
x2+
W (r,t ) = C0C,Sin re [R +(1-R )eKl t ] Ko^Kl l J L)e o o
£  r i Xl * [ * + ( ! - *  ) ? . t l  V K1■ C4S1" t *
Applying the second boundary condition given in Eq. (28) where: 
9 W / 3 r = 0 ,  at r = ro
results in Equation (52):
C. - 4 -  [C o s V  r +  [R .(1 -R  if  l h  Ko/K. -  0
(51)
J4 D D o e
(52)
Since does not equal zero, the following equations are va lid :
Ai




X = •nD1 2r0
—-r-r = (2n+l)
(2n+l)
Substituting the above relationship and Eq. (51) into Eq. (30) results 
in the following equation which gives the concentration of Pt or Pd:
w(r , t )  = n=Q C4(S in ~ - r ) e
e
[R +(1-R )eKl t ] V !  (53)
( 2n+l)
Thus, the la s t  constant should be used in the third boundary 
condition o f  Eq. (28)
(1-L) at t = 0.
Solving by taking a Fourier transformation, the solution of C4 is
C. = ----  \ [Co(l-L)Sin „ (2n+l)rdr4 r Jo Zro o
-4C (1-L) o
(2n+l)F
The f ina l solution of Eq. (30) then is
W(r, t ) = -4Co(1-L)
Xi - x,t
AnSin —  e 1
r ,tK t.K /K.[R + ( l-RQ)e 1 ] o 1
An
4
( 2 n + l) it
, ttD




with the boundary condition VA = 0 at time equal to zero. Since Eq. 
(29) is a f i r s t  order linear d if fe ren tia l equation, the solution is :
V (t )  = -Co |1-[R + (1—R )e "Kl t ]Ko/Kl| (57)
with: MA( r , t )  = WA( r , t )  + VA( t )  
CA(r, t ) = MA( r , t )  + CAq
Substitution o f the Eqs. (56) and (57) into the function o f CA gives 
the f in a l  solution to Eq. (23):
CA '  CAotRo-<1- Ro)e -K , t ]K0/K> -  C„(l-L> S o  V S1“S  r > 'e
,[R + ( l-Ro)e Kl t ] Ko/Kl
where
1TD
A =n (2n+l)ir ’ 1 2r
( 2n+l)




A. Simplified Forms of the Model Equation
Equation (38) can be simplified when the series converges. The 
solution can then be approximated and becomes:
In this equation, is the diffusion rate coe ff ic ien t instead of the 
chemical reaction rate coe ff ic ien t. The diffusion takes place within 
the porous solid  partic les. Roach [34] and Prosser [35] estimated that 
the d iffus ion  coe f f ic ien t  is almost equal to the mass transfer
c o e f f ic ie n t  of the Cl in the liquid phase. In this work, is around
” 5 ” 6 210 to 10 cm /s [36]. Since was small enough to approximate
zero, the [R +(1-R )e  t ]Ko^Kl term of Eq. (59) can be rewritten as: 
o o 1
Ca = ° AJ R + U -R  >e * 1 L] V N1 A Ao o o
-K.t,K /K
(59)
[R + (1-R ) e ~ V ] k /kl o o o
= [ l - ( l - R o ) kl t ] ko / k l 
= lira [ l - U - R ^ V l V 1* !
k l->0
-ko (l-R o )t (60)
e
Substitution of Eq. (60) in the rate equation, Eq.(17), gives:
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_ _ r r -K (1-R ) t  
r "  r l CAo 0 0 •




Since the term e 1 is approximately equal to e^, the term can be 
approximately set equal to 1. The simplified form of the rate equation 
then becomes:




dt r = Ae
-Bt
A = K,C. (1-R ) = constant 1 Ao o
B = K (1-R ) = constanto o
(62 ')
(62)





R = A, t =©o
The conversion-time relationship obtained is given below: 
R = A (1 -  e Bt) (63 )
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where R is the fractional conversion, t is the reaction time and A and 
B are the parameters of simulation curves which relate the Pt or Pd 
in i t ia l  concentrations, extent of reaction and diffusion coeffic ien ts  
o f the liqu id  reactant.
The results obtained in this work include the e ffec ts  of leaching 
solution concentration and composition, bed expansion, in i t ia l  concen­
tration o f Pt and Pd (bed height /or catalyst weight) and partic le  
s ize . Some of the characteristics of a fluidized bed, such as the 
voidage, pressure drop and liquid and particle ve loc ity  were also 
investigated. The relationship between time and fraction conversion of 
Pt or Pd metal in particles which have been leached with the liquid 
reactant Cl at varying conditions indicate that equation (63) can be 
used to simulate the experimental results sa t is fac tor ily . The curve 
f i t t in g  program for Eq. (63) determined the values for A and B for each 
run and are tabulated in Table 4. The r e l ia b i l i t y  of these parameters 
as a function of the d ifferen t solution concentrations depends on how 
well the curve f i t s  the fractional conversion,R, and time data. The 
error o f the analytical method used in this study for determining the 
Pt and Pd conversion was calculated as 7.2%. Curve f i t t in g  o f the 
experimental results was accomplished with an IBM AT Computer, and a
mw
software package called Grapher developed by Golden Software.
The smoothed curves have less deviation than the standard error of the
analytica l method.
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Table 4. Modelling of Leaching Pt and Pd by Diffusion Reaction Model: 
—B t
___________ R=A(1 ~e ) ,  the Constents of A and B for Curves of R vs.
RUN A B A B
Nos. for Pt for Pt for Pd for  Pd
2 1.000 0.0294 0.0986 0.0178
3 1.012 0.0351 1.0978 0.0273
4 1.009 0.0175
5 1.023 0.0245
7 0.959 0.0412 1.003 0.0315
8 1.003 0.0375 0.099 0.0278
9 1.005 0.0154
12 0.969 0.0088 1.023 0.0088
13 0.997 0.0174 1.041 0.0123
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Figures 5 to 8 show the fraction conversion ratio versus time 
relationship of the catalyst particles as a function of the in i t ia l  
leaching solution concentrations which were varied from 3M HC1/HNC>3 to 
12M HCl/HNOg. These experiments were performed at a reaction 
temperature o f 30°C and a bed expansion of 20%. The points are 
experimental data and the curves are calculated values using Eq. (63). 
The estimated A is 0.988 + 0.05 which is close to the experimental 
value of unity. The estimated B decreased with the reduction of 
HCl/HNO  ̂ leaching concentration. From the Figures, i t  is evident that 
the data can be modeled by an equation of the form o f Eq. (63). The 
values of the e f fe c t iv e  diffusion coeffic ients of Cl are in the range 























Figure 5. Fraction conversion ratio (R) of Platinum vs. time (min.) with 
different leaching concentrations. At a temperature of 30 C 
beo expansion of 20?, particle size (Dp) of 2.26 mm and an 

























Figure 6. Froction conversion ratio (R) of Palladium vs. time (min.) with 
different leaching concentrations. At a temperature of 3C C, 
bed expansion of 20ss, particle size (Dp) of 2.26 mm and an 























Figure 7. Fraction conversion ratio (R) of Platinum vs. time (min.) with 
different leaching solutions. At a temperature of 3G C, 
bed expansion of 20$, particle size (Dp) of 2.26 mm and an 
























Figure 8. Fraction conversion ratio (R) of Palladium vs. time (min.) with 
different leaching solutions. At a temcerature of 30 C 
bed expansion of 20%, particle size (bp) of 2.26 mm and on 
initial concentration of 0.02 g /l.
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no
B. E ffec t of Leaching Solution Composition
Platinum and palladium are present in HC1 solution as the chloro 
complexes PtClg , PtCl^ and PdCl^ 2. These ions are known for their 
tendency to hydrolyze. The acid concentration of 1.0 M (pH<l) is 
su ff ic ien t  to suppress the hydrolysis of the aqua complexes. In this 
work, the solutions contain between 1.0-3.0 M perchloric acid and more 
than 3.0 M hydrochloric acid as the supporting e lec tro ly te . The 
experimental data and the f i t ted  curves for d ifferen t catalyst p e l le t  
weights (lOOg to 300g) at a reaction temperature of 30°C, bed expansion 
of 20% and a leaching solution concentration of 12 M HC1:16 M HNÔ  are 
shown in Fig. 9 and Fig. 10. The data on the e f fe c t  of the leaching 
solution are also given in Table 2. The presence of higher chloride 
ion concentration in the solution surrounding the catalyst surface 
resulted in a higher extent of reaction. For platinum the extent of 
reaction was almost 90 percent for 3.0 M HCIÔ  : 1M HNÔ  leaching 
solution runs and approximately 86 percent for 3 to 12 M HC1 : 16M HNOg 
leaching solution runs.
Tyson and Bautista leached Pt and Pd from automotive catalyst 
pe lle ts  in a packed bed reactor with HC1 as the main leaching 
solutions (29 ). As the experiment progresses, the quantity of free 
availab le  chlorine in solution decreases. This occurs because the 
leaching solution reacts with the Pd or Pt in the catalysts to form 
P t c i , 2- or PdCl,2- species respectively, and the leaching solution is 



























Figure 9. Effect of different Plotinum initial concentration, catalyst pellets.
At a temperature of 30 C, bed expansion of 20%, particle size 
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also a ffected  by the formation of PbCl2 ân unwanted byproduct.
Davies, e t . a l .  [38, 39] discussed the e f fe c t  of adding perchloric
acid to Pd and Pt systems. Davies determined that Pt or Pd could form
more ligands with perchlorate ions than they can form with chloride
ions. The complex ions formed were Pt(C10^>n and Pd(C10^)n_2 as 
-2 —2 —2compared to PtCl^ , PtCl^ and PdCl^ . This results because the 
energy of activation  is lower for the formation o f the perchlorate 
complex as compared to the chloride complex.
In Figures 7 and 8, the e f fe c t  of using perchloric acid as a 
leaching solution is compared to the e f fe c t  that HC1 has under similar 
conditions. From Figures 7 and 8, i t  is evident that HCIO  ̂ is a more 
e f fe c t iv e  leaching agent than HC1. A 3 H HCIÔ  solution Is a better 
leaching agent than a 12 M HC1 solution. The compared results also 
were shown in Fig. 11. Although HCIÔ  was a better leaching agent, the 
vapor fumes resulting from its  use prevented much detailed analysis 
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Figure 11. Effect of different leaching solutions. At c temperature of 30 C, 
bed expansion of 20 $?, particle size (Dp) 2.26 mm and an initial 





The f lu id ized  bed consisted of catalyst pellets from 1 to 4 inches 
high. The bed expansion is defined as the increase in bed height 
divided by the s ta t ic  bed height. Bed expansions between 10 to 30% did 
not appear to have a s ign ificant e f fe c t  on the reaction o f Cl”  with Pt 
or Pd. The extent o f the above reaction varied between 76% to 85%. At 
bed expansions greater than 30%, a decrease in the extent of reaction 
occurred due to the sens it iv ity  of the e f fe c t iv e  bed resistance. At 
s ta t ic  bed conditions, i . e .  0% bed expansion, the extent of reaction 
was only 25.9%. This does not compare favorably with the work of Tyson 
and Bautista [29]. The main reason for the poor performance o f the 
f lu id ized  bed in comparison with Tyson's packed bed experiments 
probably results from the use of much larger particles and lower 
in i t i a l  P t and Pd concentrations in the solid pe lle ts  in this work as 
compared to Tyson's work.
When the f lu id ized  bed is expanded, the mass transfer of the 
reaction improves. Consequently, shorter time intervals are required 
to leach the P t or Pd from the catalyst. At some bed expansions, the 
use of a flu id ized  bed compared favorably with Tyson's work. The use 
o f a f lu id ized  bed as opposed to a packed bed also permitted the 
recovery of Pt or Pd from very low grade spent catalyst pe lle ts . The 
results obtained for the d ifferen t bed expansion runs are shown in Fig. 
12. The optimum values of the bed expansion is between 10% to 30%. In 
the rest o f the experiments, the bed expansion was held constant a t  20% 
























Figure 12. Piet of bed expansion (55) vs. percent extraction of Platinum and 
Palladium. At a temperature of 30 C, particle size (Dp) 2.26 mm 




D. The Liquid and Partic le  Velocity and Bed Voldage
The minimum flu id iza tion  velocity is when the particles in the bed 
s ta rt  to move as the liquid flows upward through the bed (UQ) • The 
maximum terminal flu id  ve loc ity  is usually taken to be equal to the 
terminal s e tt l in g  ve loc ity  (Ufc) of the particles under the condition o f 
flooding.
The expansion characteristics of the fluidized beds may well be 
represented by the Richardson and Zaki type equation [40]:
u0/ut  = En (64)
where E is the voidage of the catalyst bed (dimensionless), n is the 
exponent o f voidage and U , Ut are the ve lo c it ies .  The following 
re la t ion  is used to evaluate the exponent n in Eq. (64) [41]:
(5.1 -  n)/(n -  2.7) = 0.1 NRe° *9 (65)
The observed values of n for the 2.0 -  2.26 (mm) diameter particles and 
2.35 -3.35 (mm) diameter particles from a best f i t  of plots of Uq v s . E 
shown in Fig. 13 are 3.74 and 2.97 respectively. The calculated values 
o f n from Eq. (65) using the Ut value obtained by extending the 
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Figure 13. Plot of fluid velocity vs.
At a temperature of 30 
0.05 g /L
voidoqe (E) on the fluidized bed.




The Richardson—Zaki equation generally provides a satisfactory 
prediction o f the expansion behavior of flu idized spherical partic les . 
However, this correlation was less successful in this work. The 
average standard deviation between the observed and predicted bed 
expansion was from 15.1% to 21.2%. The reason for this discrepancy is 
that in the present work only the upward liqu id ve loc ity  was measured 
with a calibrated manometer. The partic le  ve loc ity  was not measured. 
Only the l iqu id  ve loc ity  was used instead of the slip  ve loc ity  of the 
flu id ized  bed, which is the difference of the upward liqu id ve loc ity  
and the downward partic le  ve loc ity . Considering that the partic le  
v e lo c ity  was not measured, the predictive equation provided a f i t  of 
sa t is t fa c to ry  data.
The equation for apparent voidage of uniformly sized spherical 
partic les  based on solid volume follows:
E = (1-C) ( 66)a
where C is the so lid  bad volume fraction* The abova can ba rewritten 
as follows for  the e f fe c t iv e  voidage, E :̂
E = (1-KC) e
where K is the volume of solids plus immobilized f lu id  per unit solid 




i t  is a mixture of solid plus an envelope of suspending flu id  which 
smooths o f f  the irregular outline of the partic le  [9 ].
E. The Pressure Drop
The pressure drop data are shown in Fig. 14 for a range o f flow 
rates from 0.0 to 10.0 (1/min.) and various f lu id iza tion  bed 
expansions. The column pressure drop decreased as the bed expansion 
increased. At minimum flu id ization , the voidage, E, should be 0.4 
[42 ], and the calculated pressure drop would be 33.63 mm. The pressure 















Figure 14. Piot of pressure drop vs. height on the fluidized bed. At
a temperature of 30 C, particle size (Dp) 2.26 mm ana an initial 





The following conclusions may be drawn based on the experimental 
results of the present study:
The rate of dissolution of Pt or Pd is controlled by pore 
d iffus ion . A model of the reaction between liquid reactant Cl and Pt 
or Pd in the porous solid particles was developed. The Unsteady State 
Diffusion-Reaction Model was used to simulate the experimental results. 
The experimental results are in good agreement with the theoretical 
modeling developed in this work and by previous researchers.
The extent of reaction of Pt or Pd increased when the chloride ion 
concentration was increased. This observation indicated that the 
d issolution of palladium and platinum was controlled by the mass 
transfer of Pt or Pd chloride complexes from the pores of the catalyst 
p e lle ts  to the chloride leaching solution. On the other hand, only a 
minimum amount of n itrate ion was necessary for the dissolution of Pt 
or Pd. Since a higher concentration of Cl in the solution resulted in 
a more complete reaction, three d if fe ren t leaching solutions were 
tested by varying the concentrations and compositions. A more 
concentrated solution of 12 M Cl was essential for the e f f ic ie n t
extraction o f Pt and Pd.
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From the results obtained, i t  is apparent that the optimum bed 
expansion was 20% and the bed height should be at least 2 inches. 
I n i t i a l l y ,  increases in the bed height result in an increase in the 
availab le  e f fe c t iv e  surface area, and a sign ificant increase in the 
extent of the dissolution reaction. However, a t large bed expansions, 
the increased turbulence reduces mass transfer from the pores to the 
bulk l iqu id , and the reaction is slowed.
Of the three partic le  sizes studied (2.0, 2.26 and 3.35 mm), 
pa rt ic le  s ize  did not appear to a f fe c t  the extent of reaction for 
e ither  platinum or palladium.
With additional research, the flu id ized bed reactor system may 
prove competitive with certain commercial methods of leaching and 
extracting platinum group metals from spent catalysts. The results of 
this work might prove useful to industry. The required design 
character is tic  for optimum performance of a flu idized bed leaching 
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Simulation parameters in the Eqn. [63] which f i t  the 
curve o f fraction conversion (R) of Pt or Pd versus 
time
Pt or Pd concentrations (ppm)
In i t ia l  concentration of Pt or Pd (ppm)
3
The leached molar concentration of Pt or Pd (kmol/m )
2
The e f fe c t iv e  d i f fu s iv ity  cm /sec 
Voidage of the catalyst bed (dimensionless)
E ffective percent voidage (%)
Diffusion rate coe ff ic ien t  for the dissolution reaction 
(1/min)
Mas transfer coe ff ic ien t  cm/sec
Rate of dissolution of Pt or Pd based on concentration 
(ppm)
Conversion of reaction for  Pt or Pd
In i t ia l  fraction conversion of reaction for Pt or Pd 
Fraction conversion of reaction for Pt or Pd 
(dimensionless)
Distant within the solid particles ( m)
2
Surface area (m /g) 
time (min)
3
Volume occupied by the reaction mixture (m )
Volumetric flow rate of the leaching solution through
the system (1/min)
Mass of the catalyst sample in the flu id ized bed
reactor prior to leaching (g )
Distant
Dimensionless concentration in leaching solution 
Dimensionless partic le  readius 
Dimensionless time 
Partic le  shape factor 
A parameter in Eqn. (22)
Thiele modulus 
Constants in Eqn. (20)
Constants in solving model Eqn. (25)
